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Time perception of visual events depends on the visual attributes of the scene. Previous
studies reported that motion of object can induce an illusion of lengthened time. In the
present study, we asked the question whether such time dilation effect depends on the
actual physical motion of the object (spatiotopic coordinate), or its relative motion with
respect to the retina (retinotopic coordinate). Observers were presented with a moving
stimulus and a static reference stimulus in separate intervals, and judged which interval
they perceived as having a longer duration, under conditions with eye ﬁxation (Experiment
1) and with eye movement at same velocity as the moving stimulus (Experiment 2). The
data indicated that the perceived duration was longer under object motion, and depended
on the actual movement of the object rather than relative retinal motion.These results are
in support with the notion that the brain possesses a spatiotopic representation regarding
the real world positions of objects in which the perception of time is associated with.
Keywords: motion, retinal position, spatiotopic, time perception
INTRODUCTION
Theexistenceofallentitiesinthephysicalworldisdeﬁnedbythree
dimensionsinspaceandonedimensionintime.Onespecialthing
about time, which is quite different from that of space, is that we
do not possess a sensory modality or sensory receptors which can
directly sense time. Time does not have mass, nor emits physical
energy that our sensory machineries can directly sense with. We
can directly feel the size of a physical object by vision, touch, and
other senses; but we require the perception of changes from these
sensations,which signals the onset and offset of an event,in order
to perceive time.
Although the history of studying time perception is relatively
short in comparison to other areas in perception such as vision,
previous studies have discovered a range of interesting proper-
ties in relation to human perception of the length of time about
visual events. When asked to judge the relative durations of two
visual events, human observers reported differential perception
of duration subject to the inﬂuence of various physical proper-
ties (Fraisse, 1984) such as visibility (Terao et al., 2008), intensity
(Matthews et al., 2011), and complexity (Roelofs and Zeeman,
1951; Schiffman and Bobko,1974),as well as subjective size (Ono
and Kawahara, 2007) of the stimulus being viewed. Reducing vis-
ibility can apparently compress the perceived time interval (Terao
et al., 2008), which has also been demonstrated during visual sac-
cades (Morrone et al., 2005). Regarding stimulus intensity, weak
stimuli on a strong intensity background were judged as having
longer duration,and such effect appeared to be stronger at longer
durations(Matthewsetal.,2011).Inaddition,bymanipulatingthe
magnitudesofsomenon-temporaldimensionsincludingnumber,
size,luminance,andthenumericvalueof digits,Xuanetal.(2007)
found that larger, brighter, and more numerous visual stimuli
could create an illusion of lengthened duration. The size of stim-
uli has also been shown to affect the perceived time of an empty
interval (Ono and Kitazawa, 2009).
Change signals time, and motion involves change. We experi-
encemotionofourselvesandexternalobjectsallthetime.Previous
psychophysical ﬁndings have pointed to the idea that the process-
ing of timing for events with stationary and moving stimuli is
dissociated (Aschersleben and Müsseler, 1999). Motion has been
found to “dilate” the subjective perception of duration (Brown,
1931, 1995; Verstraten et al., 2005). In addition, higher moving
speed and longer moving distance can both lengthen the time
perceived (Rachlin, 1966; Brown, 1995). Furthermore, change
in motion speed can also alter the perceived duration. Using
temporal judgment and reproduction tasks, Matthews (2011)
reported that objects moving with constant speed appeared to
last longer than decelerating stimuli, which in turn seemed to last
longer than accelerating ones in temporal judgments, although
the difference between decelerating and accelerating motion dis-
appeared in reproduction tasks. In addition to object moving
across the frontal plane of the observer, using stimuli of differ-
ent sizes to represent approaching or receding objects, Ono and
Kitazawa (2010) reported the observation that receding objects
appeared to have subjectively longer duration than approaching
ones, suggesting that time dilation effect also occurs for motion
in depth. While a number of studies had suggested motion as
the key factor in inducing time dilation, Kanai et al. (2006)
demonstrated that time dilation can in fact be simply induced
by ﬂickering stimuli. Comparing to static display, ﬂickering dis-
plays produced a time dilation illusion. Kanai et al. (2006) con-
cluded that, rather than the motion, temporal frequency was a
more important factor in determining the perceived duration,
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which has its basis at the early stages of processing. However,
this idea remained controversial, since later ﬁndings showed that
speed seemed to be the determinant factor rather than tempo-
ral frequency in the time dilation illusion. Through systematic
variation of temporal frequency, spatial frequency, and speed of
visual stimuli, Kaneko and Murakami (2009) found that speed,
rather than temporal or spatial frequency, of the stimulus best
described the perceived duration, and the illusion was not due
to inaccurate judgment for onset and offset time of moving
versus static stimuli. They suggested that the processing of the
time dilation illusion is mediated at a stage of higher level of
processing.
In the topic of time perception for visual events in motion,
one outstanding question remains to be addressed is whether
the occurrence of the time dilation effect is based directly on
the processing of signals projected onto the retina of the eyes
(i.e., a retinotopic representation), or based on a representa-
tion created in the brain which locates the real world positions
of objects in the environment (i.e., a spatiotopic representa-
tion). The latter case might imply that the visual signals have
gone to a stage at some higher level of processing by the time
when the dilation illusion is established. Previously, it has been
shown that visual adaptation to fast moving stimuli could alter
time perception in the adapted region (Johnston et al., 2006).
Using the method of adaptation with drafting gratings and dis-
placing the ﬁxation to another position after adaptation, Burr
et al. (2007) found that, comparing among retinotopic, spa-
tiotopic, and a control position, the perceived duration of test
stimulus presented at the spatiotopic position of adaptation was
the longest. On the other hand, the perceived stimulus dura-
tion at the retinotopic position of adaptation only differed a
little from the control condition. Their results suggested that
time perception of short visual events are likely to be processed
by neural mechanisms with spatially circumscribed receptive
ﬁelds localized in real world coordinates, but not retinal ones.
But is this also the case for brief visual events with object
motion?
In the present study,we performed two experiments to answer
this question by comparing the perceived duration of a static ref-
erence stimulus with a moving stimulus, under conditions with
or without eye movement (which leads to near absence or pres-
ence of object movement relative to the retina). Experiment 1
aimed to replicate the time dilation effect of object motion with
eye ﬁxation. Observers compared the perceived duration of a
reference with the comparison stimulus (static or moving) pre-
sented for varying time intervals. In Experiment 2,observers kept
their eyes ﬁxated on a moving ﬁxation cross, while the compar-
ison stimulus remained physically stationary or moving at the
same velocity as the ﬁxation cross. The ﬁrst condition repre-
sented a condition with retinal motion but not physical motion
(retinotopic motion), while the second condition with physical
motion but not retinal motion (spatiotopic motion). We hypoth-
esized that, if time perception is processed based on the brain’s
representation of objects in real world coordinates instead of
retinal ones, the perceived duration in the spatiotopic motion
condition would be longer than that in the retinotopic motion
condition.
EXPERIMENT 1: TIME DILATION UNDER OBJECT MOTION
WITHOUT EYE MOVEMENT
MATERIALS AND METHODS
Observers
Eleven paid volunteers who were all naïve as to the purpose of
the study were recruited at the University of Tokyo and partic-
ipated in the experiment. One of the authors (RA) also partici-
pated.Informedconsentwasobtainedpriortotheexperiment.All
observers had normal or corrected-to-normal vision (aged 21–28;
eight female).
Stimuli
Stimuli were programmed in MATLAB using the Psychophysics
Toolbox extensions (Brainard,1997; Pelli,1997),and were viewed
on a CRT monitor at the refresh rate of 100Hz, with resolution
at800×600pixels,controlledbyapersonalcomputerrunningon
the Windows XP operating system. Observers viewed the stim-
uli at a distance of 60cm in a quiet and dimly illuminated room.
All stimuli appeared white in color (49.02cd/m2) against a black
background (0.016cd/m2) on the screen. The ﬁxation stimulus
was a cross (size=0.453˚×0.453˚, width=0.0907˚) appeared at
the center of the screen. The target was a circular stimulus with
diameter of 1.360˚.
Experimental design and procedures
In each trial of the experiment, a reference stimulus and a com-
parison stimulus were presented on the screen at separate time
intervals (Figure 1). Each trial began with presentation of the
ﬁxation stimulus which remained at the center of the screen
throughout the trial. Observers were instructed to keep focusing
on the ﬁxation cross throughout the experiment. The observer
triggered the stimulus presentation by pressing the Space bar
on the keyboard. After 1000ms, the reference stimulus (the tar-
get circle) appeared at 4.533˚ below the ﬁxation point for a
constant duration of 1000ms. After the reference stimulus has
disappeared from the screen for 1000ms, the comparison stim-
ulus was then presented for a random duration of 800, 1000, or
1200ms. In the Static condition,the comparison stimulus was the
target circle appearing at 4.533˚ above the ﬁxation point with-
out movement. In the Moving condition, the target circle also
always appeared at the same vertical distance above the ﬁxation
point, but moved at a constant speed of 11.334˚/s from left to
the right of the ﬁxation point horizontally. We introduced ran-
dom variation of −0.136˚, 0˚, or +0.136˚ for the starting and
ending positions of the moving stimulus, so that the observer
would not be accustomed to an identical stimulus for the same
Duration condition. As a result, the starting positions were from
4.533±0.136˚, 5.667±0.136˚, and 6.800˚±0.136˚ to the left of
the ﬁxation, to the same distance to the right of the ﬁxation,
for 800, 1000, and 1200ms Duration conditions respectively.
Once the presentation of the comparison stimulus ended, the
observer judged whether the reference or comparison stimulus
had appeared for a longer duration by pressing the Left (for
reference stimulus) or Right (for comparison stimulus) key on
the keyboard. The experiment was comprised of 2 Motion con-
ditions×3 Duration conditions×3 Starting–Ending positions
presented in pseudorandom order with 6 repetitions, resulting
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FIGURE 1 |A schematic diagram depicting the ﬂow of a trial in Experiment 1 (main experiment).
in a total of 108 trials. The experiment took about 10–15min to
complete.
Control experiment
In the experiment, the comparison stimulus was either moving
or remained stationary, while the reference stimulus was always
stationary. To examine the possibility that the effect might be due
to a novelty effect attributed to the moving comparison stimulus,
a control experiment (with the same number of trials) was con-
ducted with the identical setting, with the only difference that the
referencestimulus(1000ms)alwaysmovedacrossthescreenfrom
5.667˚ to the left of the ﬁxation, to the same distance to the right
of the ﬁxation. Each observer performed either the main or the
control experiment ﬁrst at counter-balanced order. A break of at
least 5min was given between the performance of the main and
control experiment.
RESULTS AND DISCUSSION
The proportion of trials in which the duration of the target stim-
ulus was perceived to be longer than that of the reference stimulus
was computed for the Static and Moving condition, averaged
across the 12 observers, and plotted against the 3 durations of
presentation (Figure 2).
A2 ×3 repeated measures ANOVA with Motion (Sta-
tic/Moving) and Duration (800/1000/1200ms) as the within-
subject factors was performed on the data for the main experi-
ment (stationary reference) to examine effect of object motion on
perceived time duration (Figure 2A). The results revealed sig-
niﬁcant main effects of Motion [F(1, 11)=15.939, p =0.002]
and Duration [F(2, 22)=214.866, p <0.001]. A signiﬁcant
Motion×Duration interaction was also found [F(2, 22)=6.149,
p =0.008]. Post hoc paired-sample t-tests revealed that the
FIGURE 2 |The proportion of response that the comparison stimulus
was perceived as longer than the reference stimulus in Experiment 1
[(A) stationary reference; (B) moving reference control experiment];
error bars represent SEM.
difference between Static and Moving conditions were signiﬁcant
atthepresentationdurationof800ms[t(11)=−3.264,p =0.023]
and 1000ms [t(11)=−4.072, p =0.006], but it did not reach
the signiﬁcant level for 1200ms [t(11)=−2.245, p =0.139; all
Bonferroni-corrected].
Thesame2×3repeatedmeasuresANOVA(Motion×Duration)
was also performed on the data of the moving reference control
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experiment (Figure2B). Results indicated signiﬁcant main effects
of Motion [F(1, 11)=11.174, p =0.007] and Duration [F(2,
22)=175.846, p <0.001]. The Motion×Duration interaction
was also found to be signiﬁcant [F(2, 22)=8.645, p =0.002].
Post hoc paired-sample t-tests reported signiﬁcant difference
betweenStaticandMovingconditionsatthepresentationduration
of 1200ms [t(11)=−4.586, p =0.002], though it failed to reach
signiﬁcance under 800ms [t(11)=0.561, p >0.999], and with
marginally signiﬁcant difference under 1000ms [t(11)=−2.717,
p =0.060] presentation duration (all Bonferroni-corrected). As
observed in Figure 2, both the main and the control experiment
exhibited the same trend of longer time perception under object
motion. The control experiment has thus demonstrated that the
observedtimedilationeffectobtainedinthemainexperimentwas
motion-based, rather than due to novelty effect of stimuli.
Tosummarize,thedataindicatedthatthetimeperceivedinthe
condition with the moving object was lengthened in comparison
to that without object movement, which was consistent with the
results obtained in previous studies in general.
EXPERIMENT 2: TIME DILATION UNDER OBJECT MOTION
WITH EYE MOVEMENT
In Experiment 2, we closely examined whether the effect of
time dilation associated with object movement depends on the
positionalshiftof theobjectimageprojectedontheretina(retino-
topicposition),oronthelocalizationof actualphysicalmovement
of the object as represented in the brain (spatiotopic motion).
In Experiment 2, observers were instructed to trace the ﬁxation
moving at a constant speed across the screen. As a consequence, a
physicallystatictargetstimuluswouldbeprojectedontheretinaas
movingatthesamespeedinanoppositedirection,whereasatarget
stimulusmovingatthesamespeedanddirectionwiththeﬁxation
crosswouldcreatearelativelystaticimageontheobserver’sretina.
If the brain computes the duration of visual events based on the
retinal image, the former condition would result in a longer per-
ceived duration. On the other hand, if the brain determines time
duration based on a representation with awareness of whether
the object is physically moving or not, we would expect the time
dilation effect to be shown in the latter condition. With consider-
ation for possible time dilation effect confounded with voluntary
smoothpursuiteyemovements(WenkeandHaggard,2009;Schütz
andMorrone,2010),themovingﬁxationwasalsoemployedinthe
reference stimulus in Experiment 2.
MATERIALS AND METHODS
Observers
Eleven new, paid observers who were naïve as to the purpose
of the study, and one of the authors (RA), participated in the
experiment (aged 20–28, two female). All observers had normal
or corrected-to-normal vision. Informed consent was obtained
before the experiment. None of these observers participated in
Experiment 1 except for RA.
Stimuli and procedures
The stimuli used and the viewing condition were largely the same
as in Experiment 1. Eye movement of the observers during move-
ment of the ﬁxation was recorded using the EyeLink CL Tracker
(SR Research, ON, Canada) to conﬁrm that each of the observers
were tracing the ﬁxation cross steadily with their eyes throughout
the experiment. Drift correction for the position of eye ﬁxation
was carried out at the beginning of each trial. Upon initiation of a
trial,the ﬁxation cross appeared at 10.200˚ to the left of the center
of screen for 1000ms, and then moved horizontally to the same
distance to the right of the screen center at a constant speed of
11.334˚/s within a 1800-ms interval, during which the observers
wererequiredtotraceattheﬁxationwitheyes.Theﬁxationstayed
at its ﬁnal position for 1000ms before it disappeared. In the ref-
erence stimulus, the target circle appeared and stayed stationary
at 4.533˚ below the center of screen when the ﬁxation stimulus
arrived at 5.667˚ to the left of the center of screen, and disap-
pearedastheﬁxationarrivedatthesamedistancetotherightofthe
center(resultinginapresentationdurationof 1000ms).Thecom-
parison stimulus was then presented, in which the ﬁxation cross
appeared and moved on the screen in the same manner as in the
reference stimulus within a 1800-ms interval. In the Moving con-
dition,the target circle appeared (at 4.533˚ above the vertical level
of the ﬁxation) and moved along with the ﬁxation stimulus when
theﬁxationstimulusarrivedat4.533±0.136˚,5.667±0.136˚,and
6.800˚±0.136˚ to the left of the center of screen,and disappeared
astheﬁxationarrivedatthesamedistancetotherightofthecenter,
for800,1000,and1200msDurationconditionsrespectively.Inthe
Static condition,the target circle appeared,remained stationary at
4.533˚ above the center of screen without movement, and disap-
peared when the ﬁxation stimulus arrived at the aforementioned
positions for the Moving condition. After its movement, the ﬁxa-
tion cross stayed at its ﬁnal position for 1000ms before returning
to the center of screen, where the observer gave the response by
judging which stimulus had a longer duration. Figure3 illustrates
the ﬂow of a trial in Experiment 2.
Trials of 2 Motion conditions×3 Duration conditions×3
Starting–Endingpositionswerepresentedinpseudorandomorder
with 6 repetitions,resulting in a total of 108 trials. Including time
forcalibrationoftheeyetracker,thetaskrequiredabout20–25min
to complete.
Control experiment
InparallelwithExperiment1,acontrolexperimentwasconducted
using a moving reference stimulus to examine the possibility of
novelty effect of the moving comparison stimulus. In the control
experiment,thereferencestimulus(1000ms)alwaysmovedacross
the screen from 5.667˚ to the left of the ﬁxation, to the same dis-
tance to the right of the ﬁxation instead of being stationary. Each
observer also performed the main or control experiment ﬁrst in
counter-balanced order. A break of at least 5min was given in
between.
RESULTS AND DISCUSSION
We calculated for each observer the average moving speed of eye
tracefromtheeyetrackingdataacrossalltrialsinthemainexperi-
mentandconﬁrmedthatthespeedwerenotsigniﬁcantlydifferent
between the Static (M =10.171˚/s, SD=0.562˚/s) and Moving
(M =10.278˚/s, SD=0.577˚/s) condition of the target stimu-
lus [t(11)=−1.496, p =0.163], thus showing that the observers
were tracing the ﬁxation steadily during both conditions (actual
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FIGURE 3 |A schematic diagram depicting the ﬂow of a trial in Experiment 2 (main experiment).
moving speed of ﬁxation cross=11.334˚/s). No signiﬁcant dif-
ference in moving speed of eye trace was found also for the
controlexperiment[Static:M =10.324˚/s,SD=0.599˚/s;Moving:
M =10.326˚/s, SD=0.470˚/s; t(11)=−0.023,p =0.982].
For perception of time, the proportion of trials that the dura-
tion of the target stimulus was perceived to be longer than the
reference stimulus was computed for each Motion condition, and
is shown in Figure 4.
The same procedure of 2×3 repeated measures ANOVA
with Motion (Static/Moving) and Duration (800/1000/1200ms)
as the within-subject factors as in Experiment 1 was per-
formed on the data of the main experiment (stationary ref-
erence) to examine effect of retinal motion of object on per-
ceived time duration (Figure 4A). Results of the ANOVA indi-
cated that the main effect of Motion was highly signiﬁcant [F(1,
11)=31.080, p <0.001], which was also true for that of Dura-
tion [F(2, 22)=56.407, p <0.001]. But the Motion×Duration
interaction was not signiﬁcant [F(2, 22)=2.249, p =0.129].
Post hoc t-tests reported signiﬁcant differences between Sta-
tic and Moving conditions at all the presentation durations of
800ms [t(11)=−3.810, p =0.009], 1000ms [t(11)=−5.965,
p <0.001], as well as for 1200ms [t(11)=−5.104, p =0.001; all
Bonferroni-corrected].
The 2×3 repeated measures ANOVA (Motion×Duration)
was also done on the control experiment data (Figure4B).Analy-
sis showed signiﬁcant main effects for Motion [F(1,11)=38.498,
p <0.001] and Duration [F(2, 22)=77.986, p <0.001], also for
the Motion×Duration interaction [F(2, 22)=6.045, p =0.008].
FIGURE 4 |The proportion of response that the comparison stimulus
was perceived as longer than the reference stimulus in Experiment 2
[(A) stationary reference; (B) moving reference control experiment];
error bars represent SEM.
Post hoc t-tests revealed that the difference between Static and
Moving conditions was signiﬁcant for 800ms [t(11)=−4.640,
p =0.002], 1000ms [t(11)=−5.348, p <0.001], as well as
for 1200ms [t(11)=−4.481, p =0.003] presentation duration
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conditions (all Bonferroni-corrected). In echo with Experiment
1,this control experiment has again shown that the observed time
dilation effect was motion-based, but not due to novelty effect of
stimuli.
In sum, the ﬁndings from Experiment 2 suggested that the
time dilation effect associated with object movement depends on
perceived object movement represented in the brain, but not the
positional shift of the image projected on the retina.
GENERAL DISCUSSION
Inthepresentstudy,wehavedemonstratedthetimedilationeffect
whentheobjectphysicallymovedinbothretinotopicandobjective
space(Experiment1)andwhentherewasaphysicalandperceived
motionbutnorelativemotiontotheretina(Experiment2).Rather
thanbasingonretinaldisplacement,thebrainappearedtobaseon
a representation which stores the real world locations and dis-
placements of object to compute the duration of a visual event.
Our result is in line with the previous suggestion regarding the
existence of a spatiotopic neural mechanism responsible for link-
ingspaceandtimeinthehumanbrain(Burretal.,2007),andthat
the perception of time of brief visual events might be processed
at a stage beyondV1 (which directly receives retinal inputs) where
strongerfunctionalinteractionsoccurs(PariyadathandEagleman,
2007).
In visual events, duration has to be signaled by the onset and
offset at certain spatial locations, and sometimes displacement
across locations (i.e., motion). Humans need to use spatial infor-
mation in order to make judgments about duration of visual
events, but not necessarily vice versa (Casasanto and Boroditsky,
2008). Spatial and motion processing of the visual scene there-
fore must be taken into account in processing the duration of the
event. From results of neuroimaging studies, the parietal cortex
has been shown to be important for the processing of tempo-
ral information. In a series of temporal discrimination experi-
ments,Bueti et al. (2008) applied repetitive transcranial magnetic
stimulation (rTMS) at areas including the MT/V5 (which are
well known of responsible for spatial and motion processing)
of human subjects to study whether disruption of brain activi-
ties in these areas would affect time perception. They found that
the right posterior parietal area is important for the timing of
both auditory and visual stimuli, while MT/V5 were necessary
only for timing of visual events. This might imply that, instead
of being processed by a speciﬁc device of pacemaker, time of
visual events might be processed with the involvement of a net-
work of different functional areas in the brain. Time has also
been suggested to be encoded in high dimensional states of neural
networks(KarmarkarandBuonomano,2007).Event-relatedfunc-
tionalmagneticresonanceimaging(fMRI)studyhasalsorevealed
the neural substrates of the time dilation, including the ante-
rior insula and anterior cingulate cortex that are important for
cognitivecontrolandsubjectiveawareness,forloomingandreced-
ing visual stimuli which suggest motion in depth (Wittmann
et al., 2010). This supports the notion that time perception is
associated with self-referential processing, that the physically sta-
tionary/moving status of objects relative to the observer is taken
as a critical factor by the brain in the processing of subjective
time.
Nevertheless, it remains difﬁcult to make a ﬁrm conclusion as
inconsistent ﬁndings regarding the locus of processing for time
perceptionhavebeenfound.Inthestudyof Johnstonetal.(2006),
adaptationtofastmovinggratinginducedtimecompressioneffect
for stimuli presented at the adapted area, and the effect remained
even when the orientation of the adaptor and test grating dif-
fered by 90˚, whereas the effect disappeared when the test grating
was presented at a location only 1˚ of visual angle away from the
adaptation. In a later study, Bruno et al. (2010) reported that as
theadaptorcontinuouslymovedacrosshead-centeredcoordinates
whilemaintainingataﬁxedretinalposition,durationcompression
effect remained. Strong time compression effect was found under
retinotopic adaptation, but no signiﬁcant change in perceived
duration under spatiotopic adaptation. Based on these results,the
authors argued for an early locus of the adaptation-based time
compression effect.
But it might be possible that the mechanism underlying time
perception with visual adaptation is different from that for visual
motion. The classic change model as described by Poynter and
Homa(1983)maintainsthattheamountof changeoccurringdur-
ing a time interval determines the perception of time. A stimulus
with more changes lengthens the subjective experience of time.
In comparison with stationary stimulus, a moving stimulus car-
ries continuous change in location (and more change for faster
moving stimuli), resulting in a longer duration as interpreted
by the brain (Brown, 1995). Some scholars have suggested the
possibility that attention and the amount of perceptual informa-
tion to be processed determine the perception of time (Hemmes
et al., 2004; Tse et al., 2004). Presenting to observers a series of
stimuli, Tse et al. (2004) demonstrated that a low probability
oddball stimulus could create a subjective perception of longer
duration than high probability stimulus, though their objective
durations were same. With the duration reproduction method,
Brown and Boltz (2002) found that an increased mental work-
load and poor event structure could lead to inaccuracy to the
reported duration of melodies and prose passages, demonstrat-
ing the relevance of attention in time estimation. Predictability
(Ulrich et al., 2006; Pariyadath and Eagleman, 2007), exogenous
visual attention (Seifried and Ulrich, 2011), and onset time of
stimulus (Rose and Summers, 1995; Kanai and Watanabe, 2006)
could also play a role in lengthening the perceived duration
of events. Pariyadath and Eagleman (2007) proposed that, the
amount of neural energy needed by the brain to represent a stim-
ulus relates to the coding efﬁciency (Eagleman and Pariyadath,
2009), and correlates with the perceived duration. A suppressed
response (as in the situation of repeated stimulus) therefore leads
to perception of a shorter duration. Linking the ideas to time
perception during visual motion, a moving stimulus at a high
speed would carry more perceptual information than stationary
ones, and require higher level of attention and neural energy to
keep track of, leading to lengthened time perceived. A stationary
stimulus, on the other hand, may result in suppression of neural
response,resultinginshorterperceivedtimecomparingtomoving
ones.
Toconclude,thepresentstudyreplicatedthetimedilationeffect
with eye ﬁxation,and further demonstrated that the time dilation
effect of object motion relies on the spatiotopic representation
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aboutphysicalpositionsofobjectsintheworld,butnotretinotopic
positions. These results are in support with the idea that the
perception of time for brief visual events depends on the inter-
actions among extended brain areas occurring at a higher level of
processing beyond the primary visual cortex.
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